Thiobacillus ferrooxidans is a chemoautotrophic, gramnegative bacterium which obtains its carbon by fixing atmospheric carbon dioxide through the reaction catalyzed by ribulose 1,5-bisphosphate carboxylase/oxygenase. This enzyme has been found in higher plants, algae, and photosynthetic and chemoautotrophic bacteria and extensively reviewed (21, 32) .
Holuigue et al. (10) purified and characterized the enzyme from a strain (Torma) of T. ferrooxidans and found that it takes a hexadecameric form, consisting of eight large and eight small subunits, like that in higher plants. We recently reported the occurrence of two sets of rbcL-rbcS genes that code for ribulose 1,5-bisphosphate carboxylase/oxygenase in T. ferrooxidans Fel and their nucleotide sequences (14, 15) . The DNA sequences of the T. ferrooxidans rbc genes were determined independently by two other research groups (9, 23) , and all of the data indicated the same conclusion, i.e., that the rbc genes have a phylogenetically closer relationship to those of the photosynthetic bacterium Chromatium vinosum (13, 35, 36) than to those of the chemoautotrophic bacteriumAlcaligenes eutrophus (1) . In T. ferrooxidans Fel, the DNA sequences of the two sets of rbc genes (rbcLlintergenic sequence-rbcSl and rbcL2-intergenic sequencerbcS2) were identical, and 164-bp regions upstream of the start codons for their large subunits were also conserved (15) . A highly A+T-rich region (92.3% for a 39-bp sequence) was found in the sequences upstream from the transcriptional start sites of the rbcL genes, although its importance remains to be determined. Similar pieces of evidence for the two sets of rbc genes were reported for several other microorganisms (15) , including C. vinosum, in which only one rbc operon (rbcA-rbcB) is expressed (13, 35, 36) .
The regulatory mechanism of rbc expression in prokaryotes is unclear. Viale et al. (37) demonstrated the presence of the rbcR gene, a possible rbc regulatory gene, just upstream from the expressed rbcA-rbcB genes and found that the * Corresponding author. predicted gene product, RbcR, belongs to the LysR family (8) , members of which generally function as transcriptional (positive) regulators. Windhovel and Bowien (40) found a similar gene (cffxR) 167 bp upstream of the A. eutrophus cfx (CO2 fixation) operon. They also demonstrated that the gene product CfxR bound to the intergenic sequence between cfxR and cfxL. To understand the regulatory mechanism of the rbc operon, it is necessary to accumulate further knowledge about the rbcR gene, identify the gene product, RbcR, and clarify the nature of the interaction between RbcR and the rbc promoter.
In this report, we describe the identification of the T. ferrooxidans rbcR gene and demonstrate that the RbcR produced in Escherichia coli binds to the overlapping promoter regions of the rbcR and rbcLl-rbcS1 genes.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli DH5aL (Bethesda Research Laboratories, Gaithersburg, Md.) was used as a transformation host for subcloning. E. coli K38 carrying pGP1-2 (33, 34; a gift from S. Tabor, Harvard University, Boston, Mass.) was used as a host for plasmid pT7-5 (33, 34; a gift from S. Tabor) and its derivatives. pUC18 (41) was used for most of the subcloning. pTR11 is a pUC18 derivative containing a 4.0-kb EcoRI fragment from T. ferrooxidans Fel (38) , bearing the rbcLl-rbcSl genes (15) . DNA manipulations. Competent E. coli cells were prepared by the procedure of Inoue et al. (12) . Plasmids were prepared by the procedure of Birnboim and Doly (2) . Other DNA manipulations were based on those of Sambrook et al. (27) .
DNA sequencing. DNA sequencing was conducted on both strands by the dideoxy-chain termination method of Sanger et al. (28) . Sequencing reactions were carried out by using denatured plasmid templates (7), 7-deazaguanosine triphosphate (22) Construction of an RbcR expression plasmid. pTR11 was digested with NcoI, filled in with deoxynucleoside triphosphates and the Klenow fragment of DNA polymerase I, and digested with PstI. The resulting fragment, encompassing the intact rbcR gene, was cloned into SmaI-PstI-cleaved pUC18. After transformation into E. coli cells, the recombinant plasmid was purified and digested with EcoRI-PstI, and the 1.4-kb fragment was cloned into the same sites in vector pT7-5, giving pTRB100 (4.1 kb). pTRB100 was digested with HindIII, and the shortened 3.5-kb fragment was self-ligated. The resulting construct (3.5 kb) was designated pTRB120. Plasmids pTRB100, pTRB120, and pT7-5 were introduced separately into E. coli K38 carrying pGP1-2, in which the T7 RNA polymerase gene is placed under control of the temperature-sensitive lambda pL promoter (33, 34) .
35S labelling of plasmid-encoded polypeptides. E. coli K38(pGP1-2) cells carrying pTRB100, pTRB120, or pT7-5 were grown overnight in Luria broth supplemented with 50 ,ug of ampicillin per ml and 50 ,ug of kanamycin per ml at 30°C. An aliquot of each culture was inoculated into 5 ml of fresh broth containing the antibiotics and grown at 30°C until the optical density of the culture at 590 nm reached 0.4. One milliliter of each culture was transferred to an Eppendorf tube. Cells were collected by centrifugation, washed with prewarmed (30°C) M9 medium, and resuspended in 1 ml of prewarmed M9 medium supplemented with a 0.01% amino acid mixture lacking methionine and cysteine. After 1 h of incubation at 30°C, the temperature was raised to 42°C for 20 min and then rifampin (400-,ug/ml final concentration) was added to each culture, and incubation was continued for another 15 min. The temperature was reduced to 30°C, and the culture was incubated for 45 min; this was followed by addition of 10 Louis, Mo.). The DNA footprinting assay was performed by the method of Kuwabara and Sigman (16) . In brief, after the gel mobility shift assay using the above-described single terminal 32P-labeled fragments and the E. coli cell extracts containing expressed RbcR or control E. coli K38(pT7-5) cell extracts, the polyacrylamide gels containing the shifted or unshifted bands (detected by autoradiography of wet gels) were excised and digested in situ by the nuclease activity of the 1,10-phenanthroline-copper ion. After being quenched with a solution of 2,9-dimethyl-1,10-phenanthroline, the digests were eluted from the gels with a solution of 0.5 M ammonium acetate and 1 mM EDTA at 37°C overnight and ethanol precipitated. The DNA regions protected by RbcR were identified by running in parallel a sequence ladder generated with primer A or B in a 6% sequencing gel. EMBL/GenBank nucleotide sequence data bases under accession no. D11141.
RESULTS
Nucleotide sequence of rbcR. A putative regulatory gene, rbcR, for the rbc operon (rbcA-rbcB) in the purple photosynthetic bacterium C. vinosum has been reported (37) . By a computer-assisted search, we found that the region upstream from T. ferrooxidans rbcLl has a high degree of homology with the C. vinosum rbcR gene. Therefore, DNA sequencing of that region was performed. The rbcR gene was located divergently with regard to the rbcLl gene (Fig. 1) . The nucleotide sequence of the 1,470-bp region containing the entire T. ferrooxidans rbcR gene is presented in Fig. 2 (Fig. 2) . To determine the transcriptional start site of the rbcR gene, primer extension experiments were performed. However, no convincing data were obtained. It is probable that the amount of the rbcR transcript was quite low compared with that of the rbc operon (15) . The promoter elements of rbcR were inferred to be ITTTATA (-35, nt positions 160 to 165 in Fig. 2) (15) .
Identification of the rbcR gene product in E. coli. To express the T. ferrooxidans rbcR gene in E. coli, a T7 RNA polymerase-4l10 promoter system was used (33, 34) . As seen in Fig. 3A , the intact rbcR gene and the gene with a deletion of the 3' portion were placed under control of the (410 promoter in pT7-5. Both products were detected by the 5S-labelling method in the presence of rifampin (33), with apparent molecular masses of 34 and 19 kDa, respectively (Fig. 3B, lanes 2 and 3) . These values agreed totally with those (33, (40) ; the X. flavus orfD sequence was partially determined, and the 150-amino-acid portion of the amino terminus was deduced (20) . These proteins shared a high level of sequence identity (37.9 to 46.3%) for all regions of the molecule (Fig.  4) . It has been reported that C. vinosum RbcR (37) and A. eutrophus CfxR (40) belong to the LysR family of bacterial transcription regulatory proteins (8) . CynR, the positive regulator of the E. coli cyn operon (31) Specific binding of the RbcR protein to the rbcR-rbcLI intergenic region. Gel mobility shift assays were used to determine the specificity of RbcR binding. The 208-bp fragment (shown as a bold bar in Fig. SA) containing the rbcLl-rbcR intergenic region was amplified by the PCR (26) with primers A and B and used as a probe. As shown in Fig.  SB , lanes 2 to 4, RbcR present in E. coli crude cell extracts bound to this 208-bp fragment, and this binding was dependent on the amount of RbcR. The truncated RbcR (Fig. 3,  lane 3) , which still contains the helix-turn-helix motif, seemed not to bind efficiently to this fragment (Fig. SB, lanes  5 to 7) . The specificity of RbcR binding is demonstrated in Fig. SC, lanes 3 and 4. Addition of the unlabeled fragment at a 50-fold molar excess abolished binding of RbcR to the labeled fragment, whereas the same amount of the 214-bp Hinfl fragment from pUC18 failed to inhibit binding.
Analysis of RbcR-binding sites by footprinting. To determine the precise locations of the RbcR-binding sites, footprinting experiments were performed on the 208-bp fragment, which was amplified with primers A and B (Fig. 5A) . In the upper (rbcR sense) strand, a protected region was observed from nt positions 164 to 208 in Fig. 2 , which encompasses the putative -10 promoter and transcriptional start site regions of the rbcR gene ( Fig. 6A and 7) . In the lower strand, four short regions were protected by RbcR, one corresponding to the putative -35 promoter region of the rbcLl gene ( Fig. 6B and 7 ).
Mutational analysis of the RbcR-binding site. As seen in Fig. 7 , the sequence corresponding to the putative -10 region for the rbcR gene was protected in both the strands by RbcR. To confirm the RbcR-binding site further, gel mobility shift assays using mutated probe sequences were performed. Either of the AAAA sequences of 5'-TAAAAGTAAAAT A-3' (wild type, nt positions 164 to 176 in Fig. 2 ) was altered to the sequence GCGC by site-directed mutagenesis, and the resulting sequences were designated Ml and M2, respectively (Fig. 8A) . Neither of the mutated sequences led to extensive binding to RbcR, showing much lower affinity for RbcR than the wild-type sequence (Fig. 8B, lanes 1 to 3) .
DISCUSSION
The molecular mechanism by which the rbc operon, which codes for ribulose 1,5-bisphosphate carboxylase/oxygenase enzymes in photosynthetic and chemoautotrophic bacteria, is regulated remains to be resolved. Viale et al. (37) recently cloned the rbcR gene, a possible regulatory gene for the rbc operon, from the photosynthetic bacterium C. vinosum and found that this gene product is a member of the LysR family of transcriptional regulators (8) . The members of this family (3, 4, 8, 11, 18, 19, 24, 25, 29-31, 37, 39, 40, 42) (8) . In this report, we have presented the nucleotide sequence of T. ferrooxidans rbcR. The rbcR gene is located divergently with regard to rbcLl, with a 144-bp intergenic sequence ( Fig. 1 and 2 ). The T. ferrooxidans rbcR, C. vinosum rbcR, A. eutrophus cfxR, and X. flavus orfD genes are commonly located upstream from the ribulose 1,5-bisphosphate carboxylase/oxygenase encoding genes. The products of these four genes showed high homology (Fig. 4) , suggestive of the same regulatory role in the expression of CO2 fixation genes. In addition to this high level of homology, T. ferrooxidans RbcR possesses the above-described common features, although some The function of this family of proteins requires binding to a specific target sequence(s); i.e., the operator and promoter regions of the genes they regulate. CfxR of A. eutrophus bound to the intergenic region between the cfxL and cfxR genes (40) . As expected, RbcR, present in crude extracts from E. coli carrying cloned T. ferrooxidans rbcR, bound specifically to the intergenic sequence between rbcR and rbcLl (Fig. 5) . This binding region covers the putative -10 hexamer of the rbcR promoter and the -35 and -10 hexamers of the rbcLl promoter ( Fig. 6 and 7 (Fig. 2) interacted with RbcR (Fig. 8) . The protected region ( Fig. 6 and 7 (6) reported the presence of characteristic sequences, 5'-T-Nll-A-3', recognized by LysR-type proteins. The internal core sequence of the motif takes an inverted-repeat structure. This sequence was designated as a LysR target motif (6) . The RbcR-protected sequences (Fig. 7) contained the two possible LysR motifs, i.e., nt positions 170 to 182 and 193 to 205 in Fig. 2 . Both of the sequences contained 5-and 4-bp inverted repeats, respectively (Fig. 7) . The presence of the two binding motifs may explain why the mutations at the single motif allow partial binding (Fig. 8) . The evidence presented here strongly suggests that rbcR regulates expression of the rbc operon and of itself. It is noteworthy that the second set of rbc genes (rbcL2-rbcS2) contains the sequence required for this RbcR binding (15) . In A. eutrophus, a cfx operon is located in the chromosome and another is found in a plasmid. A single copy of cfxR, found upstream of the chromosomal cfx operon, regulates the two cfx operons (40) .
This may be the case for T. ferrooxidans rbc operons, although both operons are located in the chromosome.
The region of these proteins involved in DNA binding is thought to be a helix-turn-helix motif (Fig. 4) . T. ferrooxidans RbcR became bound to the overlapping promoter of rbcR and rbcLl, whereas a truncated version of RbcR, which still retained the helix-turn-helix domain, did not bind as well (Fig. 3 and 5) . Retardation of the band by this truncated protein was observed (Fig. 5B, lane 7) , but it was abolished by addition of nonspecific DNA (data not shown; see also Fig. 6C, lanes 2 and 4) (8) . By analogy, it is possible to predict that RbcR autoregulates rbcR transcription and activates transcription of the rbc operon in the presence of an inducer and that both processes are mediated by RbcR binding to the overlapping promoters. To prove the above hypothesis, extensive work is necessary. Especially, the effect of RbcR on expression of the rbcR-lacZ or rbcLl-lacZ fusion plasmid should be investigated. The inducers found among members of the LysR family are small, low-molecular-weight compounds, i.e., indoleglycerol phosphate for TrpI (4), diaminopimelic acid for LysR (30) , either acetohydroxybutyrate or acetolactate for IlvY (39) , and so on. The identity of any putative inducer in the RbcR system is of considerable interest.
